Preventive management of groundwater resources and their protection against pollution is one of the major challenges of our society. Groundwater systems are related with the surficial processes like territorial administration that is one of the most important tasks into the human development, because it involves serious problems to define the spatial medium, the industrial site-selection and the land-use allocation. Land-use and anthropogenic distribution could be the origin of the emission of pollutants that constitutes a serious health risk in urban areas. Nitrate was used as a pollution indicator in the Pablillo River Basin (PRB), to know the evolution of groundwater quality between 1981 and 2009 using GIS platform linked to vulnerability maps of DRASTIC (Depth to the water table; net groundwater Recharge; Aquifer type; Soil type; Topography; Impact of the vadose zone and hydraulic Conductivity of the saturated zone). The study area is centered on the Linares city; changes in aquifer vulnerability were assessed over time on two stages (2007 and 2001). In both cases, depth from surface to groundwater plays an important role by being the most dynamic variable over time. This study shows that the depth of water table is the key factor in the evaluation of groundwater vulnerability. The significance of land-use impact in contamination process called Index of Pollution Risk (IPR) and nitrate distribution process in the aquifer system was used as anthropogenic indicator together with the IPR in order to associate the land-use, the aquifer-vulnerability and human-activities. The final map of IPR allows determining possible polluted zones verified by high nitrate contents over the aquifer system. Land-use proved to be an important parameter necessary to correct the vulnerability maps using the DRASTIC method. This as-R. A. Dávila Pórcel et al. 1469 sessment is valid for situations where a specific time is defined because six of seven parameters change their properties in a very long term. The IPR-map could be an important key tool to prevent complex scenarios of groundwater contamination and to improve the aquifer management for decision makers, governments and private companies.
Introduction
The foresighted management of groundwater resources and their protection against pollution is one of the major challenges of our society. Especially in developing countries, the fast growing population with the resulting expansion of urban areas and the need to intensify agriculture lead to high potential for pollution. However, the generation of pollutants due to human activities does not always end up polluting groundwater resources; therefore, considering the potential pathway of contaminants from source to contact with groundwater is important. To evaluate this process of contamination, the concept of vulnerability was introduced in the late sixties [1] and several models were developed thereafter to assess aquifer vulnerability in a standardized manner, such as DRASTIC [2] , GOD [3] , AVI [4] , and SINTACS [5] . These models consider morphological, hydrological, soil characteristics, aquifer media, hydraulic conductivity and water table to identify differences in vulnerability. Furthermore, in recent years, these models were frequently integrated into a Geographic Information System (GIS) to generate thematic maps of vulnerability which could be used for development, planning, preventive action or contaminant source identification [6] - [8] .
Especially DRASTIC, originally developed by the US Environmental Protection Agency (USEPA) [2] , was applied in numerous studies and with various hydrogeological settings [6] [9]- [14] . Vulnerability maps generated with the DRASTIC method contain information on the physical characteristics of the study area used for analyses therefore they cannot be calibrated. The advantages of DRASTIC are: a) the DRASTIC index represents measurable parameters for which data are available, without a detailed reconnaissance and from different sources [2] ; b) the interplay of many parameters decreases the probability of neglecting relevant factors and minimizes the effects of an incidental error on model results [15] ; and c) the method gives relatively accurate results for extensive areas with complex geological structures [16] [17] . On the contrary, the limitations of DRASTIC method are: a) the selected parameters are mainly based on the physical characteristics of a catchment area, rather than chemical-physical processes [18] ; b) important parameters might be attenuated by irrelevant parameters in terms of vulnerability assessment in a particular setting [14] [19] ; c) process based parameters, e.g. dispersion, sorption, precipitation or degradation are not included in the analysis; and d) DRASTIC method aims to evaluate groundwater pollution potential from a regional perspective rather than having a site specific focus [2] . However, several modifications to the DRASTIC method were proposed, in general by integrating additional parameters such as land-use to validate or optimize the maps of vulnerability [7] [8] [20] - [23] .
In this study, the DRASTIC approaches were applied to evaluate the aquifer vulnerability changes over the time (fourth dimension). To achieve the desired goal, two situations were analyzed: the first approach represents the recent scenario of the aquifer vulnerability in 2007; the second approach is a previous scenario for 2001. Subsequently, the significance of land-use was taking into account in order to ascertain the impact of this parameter in the process of contamination that is represented on a new parameter called Index of Pollution Risk (IPR). Finally, nitrate distribution and its contents are used as fingerprints of the human activity over the time between 1981 and 2009. The nitrate evolution process in the aquifer system was analyzed and used as anthropogenic indicator together with the IPR in order to associate the land-use, the aquifer vulnerability and human activities. The final map IPR allows determining possible polluted zones (verified by high nitrate contents) over the system, directly related to anthropogenic activities identified through the land-use; this map could be an important tool key to prevent complex scenarios of groundwater contamination and to improve the aquifer management in a simple and clear way. In this case, sulphate and chloride are not used as an indicator of human activities, due to its natural conditions into the regional hydrogeological system of the basin.
The Role of Land-Use Development
The human requirements are increasing around the world; the socioeconomic activities impose a pressure over natural resources that create a competence and a conflict to reach the correct land-use [24] . Nowadays, the territorial administration is one of the most important tasks into the human development. This involves serious problems to define the spatial medium, the industrial site-selection and the land-use allocation. These are multifaceted challenges and imply technical, economic, social, environmental and politic requirements. The solution to these challenges involves frequently a great analysis complexity into the decision-making process [25] . The main process is urbanization that may lead to waterproofing of land surface in urban areas, depending on landuse changes. This may have effect on groundwater recharge process; consequently, groundwater quality may be impact by changes in overlaying land-use i.e. industrial development, agricultural activity and wastewater generation. Industrial and agricultural impacts depend of industrial and economic development of the city. However, sewage contamination is a global issue and may produce contamination of groundwater results from direct infiltration and from surface runoff entering poorly designed or maintained springs and boreholes [26] - [28] . Under industrialized zones, the subsurface may receive industrial effluents directly or indirectly from disposal to the ground or through seepage from lagoons, surface watercourses or drainage ditches, respectively. The spillage and leakage of hydrocarbons/petroleum products stored on tanks are possible, as well as, a direct spillage onto the road from vehicles is another source. On the other hand, urban areas produce solid waste, where municipal authorities and/or private companies are responsible for it is management, disposal is to landfill or open dumps, which may produce leachate that penetrates the subsurface and threaten groundwater. The type of industries present in the overlying city, and the underlying geology have a particular importance with regard to the natural attenuation capacity [28] . Land-use in developing cities can be complicate by the presence of urban agricultural activities. Access to arable land in urban areas, may offer the possibility of better living in low-income areas. The agriculture in urban and peri-urban areas may vary from small-scale commercial activities down to individual ownership of farm animals for individual subsistence purposes. The larger scale commercial operations (farms) may be a threat to groundwater quality through the production of slurry that may be channel into drainage ditches, surface water bodies and watercourses like rivers [28] . Barrett et al. (2004) , demonstrate that the existence of fecal waste on the land surface in urban areas is a common origin of groundwater contamination where the sanitary protection of springs or wells is missing, allowing contaminated surface runoff to directly enter the groundwater system. In general, the consequence of urban expansion experienced by cities and population growth is that water tables are lowered and contamination of shallow groundwater generally occurs through discards of residential and industrial waste to the ground [26] [28] .
Linares city experienced a fast and permanent land-use change over the last two decades, where the location of industries generates a rapid population growth, therefore the agricultural sector increase its activity and land coverage in the surroundings of the urban centers. The urbanization process exceeds the capacity of the territorial planning under the responsibility of the local government. In this region, the easiest parameter to evaluate the human impact over the area is land-use that represents directly the human activities and the impact over the natural resources exploitation around the urban area of Linares, for this reason it is important include the land-use distribution into the analysis of aquifer vulnerability.
Nitrate and Its Impact in the Public Health
Nitrate constitutes a serious health risk at high levels, as it disintegrates in the body into nitrite, which difficult oxygen transfer by binding with hemoglobin and leading to methemoglobinemia, consequently lives of infants is threatened. Furthermore, nitrate is forerunner to the development of the genotoxic N-nitroso compounds (NOC), which are knew animal carcinogens [29] . Nitrate is one of numerous compounds that conforms the nitrogen cycle, which accompanies the larger life/death cycle in the biosphere. Several complex and interrelated processes determine the nitrogen cycle, where atmospheric nitrogen is transform into organic and inorganic nitrogen compounds and back into gaseous form. These processes are fixation, ammonification, synthesis, and nitrification and denitrification [30] . Through biological, atmospheric and industrial fixation, Nitrogen gas, which constitutes 79% of the atmosphere, is transform into organic nitrogen, ammonium (NH 4 ), and nitrate. Organic nitrogen, generally in the form of dead animal and plant tissues and animal fecal matter, disintegrates through the process of ammonification into ammonia (NH 3 ) and NH 4 . Ammonium is oxidized into nitrate (NO 2 , under aerobic conditions), which due to its instability is readily oxidized into nitrate. Known as nitrification, this process is carry out by chemoautotrophic bacteria to produce its energy needs. Nitrification depends of several parameters including pH, temperature, microbial population and ammonium concentration. Under anaerobic conditions, other bacteria use nitrate as a substitute of oxygen to oxidize organic material. This process is call denitrification and results in the reduction of nitrate into gaseous nitrogen. Denitrification is influence by factors like availability of organic substrate, moisture, pH, and temperature [28] . In addition, the intense application of fertilizers in agricultural sector, irrigation practices and sewage contamination have dramatically augmented the quantity of nitrogen introduced to the soil and altered the balance of nitrogen compounds in soil and groundwater producing increasingly higher nitrate concentrations. Owing to its solubility and low rate of adsorption to soil particles, nitrate is able to travel great distances from its source. Therefore, the impact of these activities (application of fertilizers) can have a wide geographic extent. For the study case, is clear that in the surrounding area of Linares city there are several citrus growing areas (the traditional economic source), because during the last 20 years human needs impose a great demand for food of plant origin; as a result the application of fertilizers is a common practice throughout the nearby area of Linares. This situation threats directly the soil quality and indirectly the groundwater quality, which is the main source of irrigation water for the agricultural area. Through the nitrate distribution analysis over the study area is possible to know the relationship between human activities to polluted areas, in order to validate and optimize the interpretation of aquifer vulnerability maps.
Study Area
The study area is located in the northeast of Mexico, approximately 127 km to southeastern of Metropolitan Area of Monterrey (MAM). Cerro-Prieto dam captures surface water from Pablillo River Basin and supplies drinking water for the growing MAM with ~4.2 million of inhabitants [31] . This dam is the second largest source of potable water for the biggest Mexican urban center in the north side of the country. On the other hand, Linares city is place in the northeast part of the basin near to Cerro-Prieto dam, a combined system supply drinking water for its population; groundwater sources (73 wells) supply more than 50% of the total volume of drinking water. During the last 20 years, Linares has been experiencing a fast industrial, urban and agricultural expansion where the human activities threaten the groundwater quality and inhabitants health; because of the economic development the major land-use near Linares are: agriculture and growing industrial zone (Figure 1) .
The weather conditions i.e. temperature and rainfall has been measured in seven climatologic station (Las Crucitas, Cerro Prieto, Camacho, San Francisco, El Popote, La Laja and Vista Hermosa) during 25 years, where annual rainfall average is 1035 mm/yr and the annual average of temperature is 22.2˚ Celsius over the flat area of the basin [32] . Figure 2 represents the rainfall isohyets and temperature distribution during 25 years (1982-2007) .
In addition, conditions in semi-arid regions (northeast of Mexico) present specific problems that increase the risk of nitrate contamination to groundwater. Under natural semi-arid conditions, low soil moisture conditions significantly retard the denitrification process leading to accumulation of nitrates in the soil over several years [33] [34] . Those accumulations can be transport to the groundwater by the irrigation, or during major flash flood events that increase the nitrate levels on groundwater. A common practice for managing water scarcity is the alternative of irrigation using treated/undertreated wastewater. This practice has brought significant benefits in terms of increasing availability of good quality water to high priority, meeting agricultural water resulted in important levels of nitrates in groundwater [35] - [39] . Even if wastewater is generally low in nitrate, it contains significant levels of ammonium compounds that convert via nitrification process into nitrate, which later leach into groundwater. Under poor regulations and enforcements, as is the case of Linares city, farmers faced with lack of sufficient water, then the farmers may resort to tapping into highly polluted surface water or groundwater [40] [41]. Accordingly, fertilizers play an even more important role in rising nitrate influx to the soil in semi-arid regions in comparison to more humid conditions. All these variables and practices are present today in the study area identified as a conflictive zone in terms of sustainability of groundwater.
Hydrogeologic Framework
The Pablillo River Basin is located in the middle of two geologic provinces: a) the Sierra Madre Oriental in the southwestern part of the basin; and b) the Coastal Plain of the Mexican Gulf (CPMG) in the northeastern. The portion in the Sierra Madre Oriental has a mountainous area with few populations; therefore, the study area is limited to the flatter northeastern part surrounding the urban centers inside the basin.
Into the study area two important geological formations can be distinguished: a) the Méndez Formation (Campanian-Maastrichtian) with a maximum thickness of about 1500 m, consisting of dark gray shale interspersed by alive-green and calcareous shale; and b) the fluvial terraces and lacustrine sediments of the Alluvial-Conglomerate Formation (Tertiary-Quaternary), which has a thickness of about 25 m, these sediments originate from the mountains of the Sierra Madre Oriental [42] - [45] . Two hydro-stratigraphic units were defined: a) the Alluvial-Conglomerate Formation represents the porous upper aquifer in the region consisting mainly of gravel and sands, with some silt and clay layers, respectively, this unconsolidated material is underlain by the b) fractured and weathered shale of the Méndez Formation, these units are hydraulically interconnected. Groundwater is stored in the fractured and weathered bedrock shale and the recharge to the aquifers occurs through the overlaying alluvial deposits. Groundwater flow shows a SW-NE direction and the depths average to the water table is about 10 m.
In particular, the alluvial plains surrounding Linares are increasingly use for agricultural development, which leads a serious threat to groundwater quality. Groundwater exploitation from the Alluvial-Conglomerate hydro-stratigraphic unit led to initial decline of groundwater levels compromising the water availability. Currently the groundwater abstraction is from both aquifers (Alluvial-Conglomerate and fractured shale, porous and fractured aquifers respectively).
Materials and Methods

Database and DRASTIC Method Implementation
To calculate the DRASTIC Vulnerability Index (DVI), seven hydrogeological factors have to be considered and weighted. It is assumed that DRASTIC parameters controlling the infiltration of precipitation and groundwater flow therefore are measures of aquifer vulnerability [2] [12] and the weighting factors are based on their relative significance with respect to pollution potential [46] .
In the first step, each DRASTIC factor is assigned a relative weight ranging from 1 to 5, with 5 being the most significant impact and 1 the less significant impact. In the second step, each factor has to be subdivided into ranges or media types that have an impact on pollution potential, these ranges or media types receive ratings between 1 and 10, with 10 being the highest pollution potential and 1 being the lowest pollution potential. Most factors receive one rating per range: other factors i.e. aquifer and vadose zone media receives "typical ratings" or ratings based on site-specific knowledge [2] . With this numerical arrangement could be obtain the DVI value using a simple additive model (Equation (1)).
where "r" is the rating and "w" is the specific weight for each of the DRASTIC factors. Geological, hydrogeological, topographical, hydrochemical, soil type and climatic data were used to create the database used for assessment of the aquifer vulnerability. These dataset was obtained from previous academic investigations, the Comisión Nacional del Agua (CNA), Servicios de Agua y Drenaje de Monterrey (SADM), Instituto Nacional de Estadística y Geografía (INEGI) and also collected during field campaigns [47] - [52] . All data were summarized into a geodatabase to allow the generation of the thematic maps in a GIS environment representing the seven interactive parameters. The rating and weighting values are integrated for each parameter into the GIS; the rating values are numerically distributed according to the cell division resembling an aquifer property. The weight impact factor is included through the "Raster Calculator" where each raster cell is multiply by the imposed weighting-factor for each thematic layer of each DRASTIC parameter.
Groundwater recharge was determined using the TURC equation over the areas of Isohyets calculated into the GIS [53] showed in Figure 2 and the obtained values for each sector are detail in Table 1 . The following equation was used to determine these values: 
where: P = Rainfall average (25 years) T = Temperature average (25 years) %R = Percent of rainfall assumed to be direct recharge.
In Table 1 the rainfall and recharge values are shown; Figure 3 (a) represents the recharge over the study area; its values were reclassify according to DRASTIC method. Based on information from the hydrostratigraphic units the aquifer media were classified as follow: a) the sedimentary rocks with low to medium K takes a value of 8; and b) the fractured shale (Méndez Formation) receives a value of 7. Table 2 and Figure 3(b) shows the values and the aquifers distribution respectively [43] [54]- [57] . The soil map was took from a previous thesis about the potential erosion in the basin developed by Reyes-Reyna (2000), where the soil type allows defining ratings with values of 10 for lithosols, 9 for regosols and 2 for vertisols. The distribution and the ratings values are express in Figure 3(c) and Table 2 .
On the other hand the Digital Elevation Model (DEM) was created from two analogical topographical maps (Scale: 1:250,000 [52] ; Scale: 1:50,000 [58] ), these maps have been complemented with several coordinate points that were collected during the field campaigns using GPS measurements (Garmin EtrexHCx). In total around 95,000 points conforms the database and the riverbed elevation was taking into account to generate the model using the interpolator procedure "Topo to Raster" which allows to generate topographic relieves with a good accurate; Table 2 shows the rating values and Figure 4(a) represents the geographical distribution of topographical slope with ratings from 10 (0% of slope) to 1 (>18% of slope). The nature of the vadose zone was determined by analyzing wells drilled profiles, previous geological information and verifications during the field campaigns; the assigned ratings range between 6 (shale) and 9 (silt, sand and gravel), these values are show in Table 2 and Figure 4(b) . Finally, the hydraulic conductivity is based on general values proposed by Fetter (2000) in accordance with the lithological aquifer characteristics, Figure 4(c) shows the distribution over the area and Table 2 shows its values. The final DVI is calculated through the addition of the reclassified raster datasets of each parameter. Each cell (10 × 10 m) of each thematic map is calculate with the values of overlapping cells of the other six parameters considered by the method, in this way the final vulnerability index of each cell of the vulnerability map.
Groundwater Levels Trend
Between the years 2001 and 2007 the dynamic groundwater levels were manually measured every month in 22 wells (data of 2002 does not exist) inside the study area. These measurements allows to evaluate the general trend of groundwater levels, the stacked line charts was used to show the trend of the contribution of each value over time or ordered categories, but since not easy to see that the lines are stacked, consider using a type of graph lines which represents the water table since sea levels as a reference point. Table 3 and are showed in Figure 6 (a) and Figure 6 (c).
The Impact of Groundwater Levels on DRASTIC Assessment
Two aquifers vulnerability maps were develop to know the importance of groundwater levels in the assessment procedure using the DRASTIC method. The time difference between the assessments is ~5 years and 6 months, the effects of water table on the system was analyze using two piezometric measurements, this means a key change in the border conditions of the model. Following the procedure of the method two models were developed to obtain the vulnerability maps for 2001 (Figure 6(b) ) and 2007 (Figure 6(d) 
The Significance of Land-Use to Find the Risk to Pollution Index
On the other hand, the land-use map (Figure 7(a) ) was obtained by digitizing the official map of land-use of INEGI for 1982, the city map of Linares of the Local Government for 2007 and an actualization of the urban border with GPS measurements developed in the same year. The resulting map (shape file) was converted to a "raster dataset" and then was reclassified using the rating values suggested by Panagopoulos et al., (2006) , the ratings of land-use were weighted by a factor of 5 this represents the overriding importance of land-use on aquifer vulnerability; Table 4 represents the numerical values of each category and Figure 7(b) show the spatial distribution of these categories. This parameter is use as a fingerprint of human activities in Linares city and its surroundings.
Land-Use and Its Relation to the Nitrate Levels in Groundwater
The reclassified land-use map was combined with the DVI map of 2007 to obtain the Index of Pollution Risk, as groundwater levels and land-use are more sensible short-term dynamic variables in the model can be combined. This relationship is due to groundwater depletion depends on the extracted volume of groundwater which is the direct result of the volume of water required to meet different human needs. Therefore, equal importance of groundwater levels and land-use was assumed. (Figure 7(b) ). In order to relate the human impact activities over the aquifer vulnerability the land-use was used ( Figure  7(b) ) as a parameter to correct the DVI map for 2007. The introduction of this dynamic variable into the mathematical procedure DRASTIC method is possible if it affects only a dynamic parameter considered by the method. The unique dynamic parameter in DRASTIC is Depth to water table, this parameter can affect the DRASTIC final Index significantly as it know now. The rating land-use values can be combined with depth to water table in order to relate the human activity with groundwater extraction that is a result of agricultural, industrial and urban development. This modification allows generating the Index of Pollution Risk with the following modification to the equation of DRASTIC method: 2
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where: IPR = Index of Pollution Risk 
R. A. Dávila Pórcel et al.
1481 LU = Land-use In Equation (3) all the variables not detailed in the explanation are the original ones of the DRASTIC method. The resulting map presents the risky groups (Figure 8(a) 
Validation of Index of Pollution Risk Map
The validation of the proposed map (IPR) can be done through the nitrate distribution analysis. The use of nitrate as a pollution indicator is helpful to know the evolution and changes of groundwater quality. In the particular study case, the nitrate differences between a previous situation (1981) and the present situation (2009) was analyzed. During 1981 a total of 25 wells were used to determine the nitrate content, which are located mostly in the agricultural belt surrounding the city of Linares, where the main propose of the extracted water was irrigation [57] , that period represents the previous scenario to the agricultural explosion. On the other hand, 23 wells were sampled in 2009 to determine the actual nitrate content, the sampling points was defined according to the main land-use distribution in the actual situation. The final nitrate values after the chemical analysis of groundwater samples for both cases are used to know the impact of human activities on groundwater quality (Figure 8(b) ).
Results
DRASTIC Assessment for 2001
The maximum range of the DVI has to be between 23 
DRASTIC Assessment for 2007
In order to assess the aquifer vulnerability in 2007 the water table depth of 2007 has been introduce in the model because groundwater depths change over time. Figure 6(c) shows the water table levels and Table 3 include the reclassified values of groundwater depths (dimensionless data). The hypothesis that constant values behavior for: aquifer media, soil type, topography, vadose zone and hydraulic conductivity were assumed because these parameters can change its characteristics only during a long term. Table 5 and Figure 6(d) ), this procedure allows the comparison between both scenarios. As a result, the differences between the models show the important role of groundwater levels, which reflect the groundwater overexploitation produced by agricultural and industrial activities between 2001 and 2007. The most relevant is the highest vulnerability value in 2001 of 198 (6 points higher than the maximum of 2007), interestingly the groundwater depletion results in a decrease of vulnerability, it is demonstrated that the depth to the groundwater table is a most sensitive parameter in DRASTIC due to its weighting factor (equal to 5) and its variability over time, which is directly related to human activities. (2001), the V-very high and IV-high categories of DVI are placed in the west area, the central part is less vulnerable (where Linares city is placed). For 2007 categories V and IV reduces they area (Figure 6(b) and Figure 6(d) ). The same behavior can be appreciated on the east area near to Cerro Prieto Dam, where a belt of category V is present in 2001; for 2007 this area reduces its coverage. In the central part of the focus area the vulnerability values changes significantly i.e. in 2001 the predominant category of DVI was IV and a tin belt of category III is placed in the central-south portion; in 2007 this area changes the category mostly to category III and the DVI categories II and I appears. The general behavior of decreasing DVI values happed due to deeper level of the water table. This scenario allows confirming the significant exploitation of groundwater volumes under and surround Linares city. In the initial situation (2001) groundwater was extracted only from the porous shallow aquifer, nowadays the groundwater extraction is both aquifers i.e. the porous aquifer (alluvial-conglomerate Formation) and from the deeper and fractured aquifer (Méndez Formation). This change of water levels somehow seems to hide the potential vulnerability of the aquifers.
Index of Pollution Risk Maps
The IPR Map (Figure 8(a) ) has greater values of risk to pollution in the northwest area from Linares coinciding with areas of high aquifer vulnerability in 2001 (Figure 6(b) ). In Table 6 the values of IPR can be observed where obtained range goes from 101 to 197, the final groups in the IPR map are: V-very high risk (182 -197); IV-high risk (170 -182); III-moderate risk (155 -170); II-low risk (142 -155) and I-very low risk (101 -142). The same classification limits was take in order to be possible the comparison in terms of distribution and surface coverage of each category ( Table 5 and Table 6 ).
This map looks quite different to the DVI map for the same period (2007) and it has great similarities with the DVI map for the initial situation (2001). Table 6 (Table 6) , i.e. the proposal modification allows reaching a more realistic scenario with the conditions of the aquifer.
Nitrate Distribution in 1981 and 2009
In relation to nitrate values for 1981, low nitrate levels were identified in 21 out of the 25 samples which have a nitrates concentration below 2.5 mg/l. The highest concentration was 12.4 mg/l, well below the WHO guideline level for nitrate in drinking water (50 mg/l); this fact indicates that at that time no groundwater pollution was 100.00% present due to agricultural activities. The nitrate distribution was almost homogeneous in the central and northern portions of the agricultural area, for these areas the vulnerability categories were IV-high and V-very high, this situation was due to the shallow groundwater depth and deeper alluvial deposits. At this time the impact of human activity was insignificant; this behavior is corroborated by nitrate values below the WHO concentrations. In the present situation (2009) only 6 wells have nitrate concentrations below 10 mg/l, the geospatial distribution of these samples show predominance close to the riversides through the city (samples 02, 20, 10 and 22) from west to east. In the range between 10 and 50 mg/l were determinate 11 samples its distribution show 9 samples distributed in Linares and its surroundings areas following a direction from west to east (samples 03, 13, 07, 09, 23, 11, 21, 16 and 18) . Finally, the 6 samples with contents over 50 mg/l are concentrated over a small area to the northwest of Linares city around the industrial area and downstream after the agricultural main area of the basin (04, 01, 17, 05, 19 and 06). The highest nitrate value is present in sample 06 located downstream of the city, industrial area and main agricultural zones, due to the geometry of the basin the groundwater paths are grouped at this basin section before reach the body's dam. In contrary, the situation on 1981 has predominance of low than 10 mg/l nitrate values; only one sample located on headwaters exceeds 10 mg/l with a value of 12.4 mg/l.
Discussion
The Table 5 analysis.
The spatial distribution obtained with DRASTIC category in 2001 is very different from the spatial distribution obtained for 2007. In 2001 the category V, covered the western sector of the study area predominantly, his second area of dominance was located between north of Linares city and the western edge of Cerro Prieto dam. The category IV cover´s from the central west to the western edge of Cerro-Prieto Dam also covers the most central of the study area from north to south, interrupted only by a belt of category I, II and V near the western limit of Cerro Prieto. Category III is present in an randomly distribution, main sectors, are in the central-south part of the study area, two other sectors are between the west part of "Guadalupe" and the east part of La Escondida and small. The categories II and I area divided into three main sectors, the area of greatest topographic slope to the southwest of Linares , the second area covered by these categories is located at the east of the study area, finally a small areas in the central area close to the Industrial zone. The scenario in 2007 presents a more heterogeneous distribution, categories I and II is divided into five sections: two are placed in the area of high slopes to the southwestern part, the third section is located in the east part close to Cerro Prieto dam, surprisingly the fourth sector is in the central zone (east of Linares city) where anthropogenic activities are concentrated, finally, two small areas adjacent to northern and western edges the study area. Category III extends from the northern border in the central and splits into two branches, the least of them to the south and the most important in a southeasterly direction towards the Cerro Prieto dam. Category IV is concentrated in two main sectors, the first located west of the study area covering a larger area and the second extends from the western edge of Cerro Prieto dam northwest to reach the northern edge near the town called "Río Verde". Finally the category V is located mainly in one area which is located northeast of the study area encompassed by the category IV and the second extends from the central zone (between Linares city and Cerro-Prieto dam) with northeast direction near of the location knows as "Guadalupe".
According to the analysis in the preceding paragraphs, apparently the current situation (2007) is much better in terms of groundwater vulnerability, but the economic and urban development of Linares city, the location of new industries in the Industrial Zone and the increase in citrus production needs further extension of the acreage which indicates that there is a greater probability of emission of pollutants, therefore higher risk aquifers contamination is predictable, which completely contradicts the situation determined by the application of the DRASTIC method in 2007.
In order to correct the vulnerability map generated for 2007, land-use was introduced as a new parameter in the DRASTIC method, which is directly related to human activity and groundwater exploitation. This modification according Equation 3, allowed to obtain the IPR, the result is a map which can be classified in groups while maintaining the limits of each class interval calculated for determining the vulnerability map in 2001. The order of the key risk categories is as follows: IV-high risk; V-very high risk; III-moderate risk; II-low risk and I-very low risk. On the other hand, the intensive agriculture increases the potential pollution, which is not accounted for in the basic approach of DRASTIC method. This situation is ascertained by the nitrate distribution and concentrations for 2009 which are high over the area, the highest values are placed close the industrial zone of Linares (Figure  7(a) ). The values of nitrate are increasing progressively from the Industrial Zone to the Cerro Prieto Dam (from west to east), this situation is directly correlated with the groundwater pathways which explains the highest nitrate value in the downstream area of Linares city where the risk to pollution category is I-very low ( Figure  7(a) ). For this particular case, vadose zone seems to plays the retaining role of pollutants in its body as a result to less volume of recharge and infiltration that is why the contaminants cannot reach easily the water table. Hence, nitrate can work as a indicator of pollution and its main application could be the validation of aquifer vulnerability maps taking into account the dynamic variables like time and nitrate distribution due to land-use.
Interestingly, the higher nitrate values corresponds to the Industrial Zone and the agricultural areas close to Linares city, the coverage of category V in terms of risk is similar and comparable with the coverage area of category V of the vulnerability map for 2001. As expected, the highest nitrate value is downstream the city (La Escondida, sample 06), but surprisingly this point falls within the category which represents the least risk to pollution (category I). A possible explanation to this unusual situation are the pathways of groundwater flux, the possible pollutant sources are located upstream of this point, i.e. Agricultural area, Industrial Zone and Urban centers (Linares, Hualahuises, Río Verde and La Escondida) which pour waste water to the rivers and the use of pesticides is a custom over the agricultural area. This point could represent a critic situation due to its proximity to the Cerro Prieto water reservoir which threatens the drinking water source of the metropolitan area of Monterrey. Additionally, most of the samples in 2009 have nitrate concentrations higher values than the WHO water human consumption recommendations, which means a high risk to the health of the inhabitants of urban centers within the study area. Groundwater sources provide more than 50% of the total volume of potable water in the region. The evolution of nitrate contents over the area shows clearly the impact of agriculture and industry in groundwater quality. The analysis of nitrate distribution in groundwater was possible through the comparison between two situations: the first (1981) represents the initial stage of agricultural booming in the region, as expected the nitrate levels are low where the maximum value reaches only 12.4 mg/l and the second situation The high level of nitrate proved the deterioration of groundwater quality, which is affected mainly in the north and northeast of the study area (samples 04, 01, 12, 05 and 06). The high nitrates values are located on areas of land-use destinated to industry and urban development, but mainly suggested a transport route of nitrate from agricultural activities (chic cover most of the northwest outside the study area) around Hualahuises city to the east until reach west edge of the Cerro-Prieto dam. This scenario reflects the impact of human activities around Linares city. Moreover, overlaying the nitrate values of 2009 (Figure 8(b) ) over the IPR map of 2007 and the urban centers a direct and good correlation is present between increased nitrate concentrations, high risky areas and human settlements (categories IV and V).
Conclusions
DRASTIC method is a useful tool to assess intrinsic aquifer vulnerability from a regional point of view due to its versatility of its procedure and the integration of more hydrogeological parameters in comparison with other methods like GOD, AVI and SINTACS.
DRASTIC assessment is valid for situations where a specific time, for this reason cannot be extrapolated to assess the aquifer vulnerability in a long term. In this study, it is proved that six of the seven parameters considered in the DRASTIC method change its properties in a very long term.
The depth from surface to groundwater plays an important role by being the most dynamic variable over time. This study shows that the depth of water table is the key factor in the evaluation of groundwater vulnerability. Even in a short period (~5 years), results from DRASTIC method can rely solely on groundwater level variations, if the physical conditions of the aquifer are constant.
For this particular case, the behavior of the recharge is hypothetically considered as constant because the time between analyses is less than 10 years and a normal climatologic condition predominates for this period.
Land-use proved to be an important parameter necessary to correct the vulnerability maps using the DRASTIC method. This variable can be introduced without any problem in the calculation procedure using GIS platform.
The IPR results developing in this study could be a key variable for implementing control policies, to help decision makers and implement programs for sustainable groundwater management in urban environment of the most cities in Latin America because it easy, cost effective and environmentally valuable.
